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Abstract 


1 

Emissions  at  450  nm  and  4.27  um  have  been  measured  when  a variety  of  mixtures 

containing  H^,  CO,  either  0^  or  N^O,  and  Ar  were  heated  behind  reflected  shock  waves 

18  3 

to  temperatures  of  2000-2850  K and  total  concentrations  near  5x10  molecule/cm  . 

These  emissions  were  used  to  obtain  absolute  concentration  - time  data  for  both 
oxygen  atoms  and  carbon  dioxide.  The  data  were  then  compared  to  the  results 
of  numerical  integrations  of  the  likely  mechanisms.  It  was  observed  that  quanti- 
tative agreement  between  calculations  and  observations  were  obtained  for  the 
H^/CO/O^/Ar  system  using  recent  high  temperature  literature  rate  constants.  For 
the  H-p/CO/N^O/Ar  system,  the  rate  constant  for  the  reaction: 

H + N^O  = N-,  + OH 

was  adjusted  so  as  to  fit  the  data.  Here  it  was  found  that  a good  fit  to  both 
[0]  and  [C02]  profiles  could  be  achieved  with  k = 3.0x10'^  exp(-113kJ/RT)  cm^ 
molecule  ^ s \ Comparison  to  data  at  lower  temperatures  suggests  that  this 
might  be  another  example  of  a "non-Arrheni us"  rate  constant.  The  implications 
of  these  results  to  studies  of  hydrocarbon  oxidation  are  discussed. 


INTRODUCTION 


The  study  of  oxidation  reactions  in  shock  tubes  has  been  stimulated  by  the  use 
of  fast,  accurate  numerical  integration  routines.  Now  it  is  possible  for  kineticists 
to  more  definitively  test  various  oxidation  mechanisms  by  a detailed  comparison  of 
calculated  and  observed  concentration  - time  profiles.  The  utility  of  the  approach 
has  been  discussed  by  Schott  and  Getzinger  [1]  in  their  review  of  the  H^/O^  system. 
Although  the  H^/O^/CO  system  has  also  been  successfully  studied  by  this  approach 
[2,3],  extension  to  even  simple  hydrocarbon  systems  like  CH^/Op  has  been  limited 
by  lack  of  reliable  high  temperature  rate  constants.  A common  practice  has  been 
to  extrapolate  low  temperature  flow  system  data  to  the  temperature  range  of  interest. 
Unfortunately  this  approach  can  lead  to  serious  errors;  recent  studies  [4-10]  have 
convincingly  demonstrated  that  many  reactions  of  importance  in  combustion  mechanisms 
exhibit  markedly  "non-Arrhenius"  rate  constants.  In  this  light  it  appears  to  be 
most  desirable  to  measure  rate  constants  in  the  same  high  temperature  regime  where 
they  will  be  used  to  test  the  combustion  mechanisms.  However,  it  is  equally  impor- 
tant that  these  data  be  obtained  from  relatively  simple  systems  where  assignment 
of  the  desired  rate  constant  is  not  contingent  upon  proper  assignment  of  a complex 
mechanism  and  the  associated  rate  constants. 

One  such  system  results  from  the  substitution  of  N^O  for  0^  in  combustion 
studies.  Recent  work  in  this  laboratory  [11]  showed  that  N^O  is  a particularly 
useful  source  of  oxygen  atoms  between  2000-3000  K.  Thus  a study  of  combustion 
systems  where  N^0  replaced  should  provide  useful  information  about  rates  of 
oxygen  atom  reactions  at  high  temperatures.  The  primary  advantage  of  N90  as  an 
oxidant  is  that  oxygen  atom  reactions  will  occur  in  an  environment  where  the 
concentration  of  molecular  oxygen  is  much  less  than  a normal  combustion  system; 
this  considerably  simplifies  the  kinetic  analysis.  Prudence  dictates  that  such 
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a substitution  first  be  tested  on  a known  system.  This  paper  reports  the  results 
of  such  a test.  Data  are  given  for  an  extensive  series  of  experiments  on  both 
the  h^/C^/CO/Ar  and  f^/N^O/CO/Ar  systems.  The  results  obtained  in  the  H^/O^/CO/Ar 
system  coupled  with  those  obtained  earlier  on  N^O  dissociation  serve  to  charac- 
terize most  of  the  reactions  of  importance  in  the  h^/N^O/CO/Ar  system.  If  the 
N^O  system  profiles  yield  a value  for  the  rate  constant  of  the  reaction 
0 + ■+•  OH  + H consistent  with  that  obtained  from  the  much  more  extensively 

studied  0^  system,  it  would  suggest  that  the  N^O  mechanism  is  appropriate  and 
that  NpO  substitution  might  indeed  be  a useful  technique  for  obtaining  high 
temperature  oxygen  atom  rate  constants. 


EXPERIMENTAL 


The  7.6  cm  shock  tube,  gas  handling  system,  and  optical  configuration  have 
been  described  previously  [11].  Infrared  emissions  were  first  collimated  by 
two  slits  1.5  mm  wide  and  5 mm  high  placed  50  mm  apart  before  passing  through 
a 4.27  pm  interference  filter  (FWHM  = 0.18  pm)  and  being  focussed  upon  a 
liquid-nitrogen-cooled  InSb  detector.  Visible  emissions  were  monitored  by  a RCA 
1P28A/V1  photomultiplier  mounted  behind  a 450  nm  interference  filter  (FWHM  = 6.5  nm) 
and  two  1 nm  wide  by  2 mm  high  slits  38  mm  apart.  The  signals  from  the  photo- 
multiplier were  collected  with  a Siomation  Model  805  transient  recorder  at  0.5 
psec  intervals.  Infrared  signals  were  monitored  at  10.0  psec  intervals  by  a 
digital  data  acquisition  system  previously  described  [12];  the  only  change  is 
that  the  Supernova  computer  has  been  replaced  with  a Motorola  6800  Microprocessor. 

Gas  mixtures  were  prepared  manometrical ly  using  AIRC0  Ar  (99.9998%), 

CO^  (99.999%),  H^(99 .9995%) , and  N^0  (99.995%),  Scientific  Gas  Products  0^ 

(99.999%)  and  Matheson  CO  (99.99%).  The  CO  was  slowly  passed  through  a coil  of 
copper  tubing  at  77  K before  addition  to  the  vacuum  line.  The  other  gases  were 
used  as  supplied.  The  shock  tube  was  typically  pumped  down  to  2 mPa  (1.5x10  torr) 

with  an  observed  leak-outgassing  rate  of  less  than  2.5  mPa/min.  Shocks  were 
usually  initiated  approximately  one  minute  after  pump  isolation  so  that  the  nominal 
background  pressure  was  5 mPa.  The  initial  test  section  pressures  were  typically 
2.7  kPa  so  that  background  impurities  contributed  o,  2 ppm  which  is  comparable  to 
the  total  impurity  levels  in  the  mixtures  used.  Helium  was  used  as  the  driver 
gas  in  all  experiments,  and  shocks  were  initiated  by  either  spontaneous  or  manual 
rupture  of  Mylar  diaphragms. 

No-reaction  shock  conditions  behind  the  reflected  shock  were  obtained  from 
measured  incident  shock  velocities.  There  was  little  difference  in  conditions 
calculated  using  a constant  velocity  assumption  and  those  where  the  measured 
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(small)  velocity  changes  were  extrapolated  to  the  observation  window.  Usually 
these  methods  agreed  within  25  K.  Shocks  which  had  differences  of  50  K or  more 
were  rejected.  Conditions  reported  in  this  paper  used  the  assumption  of  constant 
velocities.  Pressures  computed  with  this  assumption  were  in  very  good  agreement 
with  those  measured  in  the  plane  of  the  observation  windows  by  a pressure 
transducer.  No  corrections  were  made  for  non-ideal  effects;  the  observed  pressure 
profiles  were  always  flat  over  the  time  interval  that  data  were  collected. 


RESULTS 


Visible  Emissions.  Systems  containing  oxygen  atoms  and  carbon  monoxide  are 
known  to  emit  visible  radiation  whose  intensity  is  proportional  to  the  concentrations 
of  these  species  [13].  In  these  experiments  this  emission  was  monitored  at 
450  nm  to  attempt  to  minimize  the  contribution  of  extraneous  emissions.  This 
system  was  calibrated  using  the  parti al -equi  1 i bri urn  technique  [13].  Here  two 
mixtures  of  H^/O^/CO/c^/Ar  (see  Table  I)  were  heated  behind  reflected  shock 
waves  to  1970-2745  K and  the  flame-band  emission  recorded.  This  signal  rapidly 
reached  a constant  intensity  which  was  maintained  for  hundreds  of  microseconds. 

This  constant  signal  arises  from  the  quasi-equilibrium  concentrations  of  the 
various  species  (including  radicals)  prior  to  the  onset  of  recombination 
reactions.  These  concentrations  are  easily  calculated  from  the  well  known  equi- 
librium constants  of  the  bimolecular  reactions  of  interest.  Note  these 
experiments  were  done  at  relatively  low  total  concentrations  to  minimize  recombi- 
nation. The  observed  constant  signal  and  the  fact  that  variation  of  the  total 
concentration  by  a factor  of  two  had  no  effect  upon  the  signal  levels  were  taken 
as  evidence  that  the  effect  of  recombination  was  negligible.  Additional  experi- 
ments  near  5x10  molecule/cm  indicated  small  but  noticeable  deviations 
suggesting  that  at  that  concentration  the  assumption  of  partial  equilibrium  is 
beginning  to  break  down.  The  least  square  fit  to  the  data  in  Fig.  1 yields  an 
activation  energy  of  16.9  ± 2.7  kJ/mole.  This  can  be  compared  to  the  value  of 
14.4  kJ/mole  reported  by  Schott,  et.  al.,  [13]  over  the  range  1300-2000  K.  The 
data  suggests  this  calibration  factor  is  good  to  approximately  10%.  With  this 
factor,  it  is  possible  to  determine  the  product  [CO]  [0]  over  the  temperature 
interval  by  a simple  measurement  of  the  flame-band  signal.  Attempts  to  use  this 
data  to  determine  oxygen  atom  concentrations  are  complicated  by  the  fact  that 
there  will  be  small  changes  in  the  CO  concentration  during  an  experiment. 
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To  eliminate  this  ambiguity,  the  calibration  factor  was  incorporated  into  the 
numerical  integration  scheme  and  was  used  to  convert  the  computed  [CO]  [0]  product 
to  a computed  flame -band  voltage.  This  could  then  be  compared  directly  to  that 
observed;  note  this  procedure  allows  for  no  normalization  factors.  In  effect, 
given  the  small  CO  concentration  changes  (typically  on  the  order  of  5%)  this 
approach  yields  absolute  0-atom  profiles. 

Although  the  wavelength  chosen  for  observations  minimized  the  background 
emissions,  it  was  not  possible  to  completely  eliminate  them.  For  this  reason, 
a preliminary  series  of  experiments  were  performed  which  were  similar  in  all 
respects  to  those  listed  in  Tables  II  and  III  except  that  CO  was  omitted.  Here 
the  time-resolved  emissions  at  450  nm  were  recorded  over  a temperature  range 
somewhat  larger  than  that  listed.  This  background  data  was  fed  into  a two-dimen- 
sional array  in  the  data  reduction  program.  A bicubic  spline  interpolation 
routine  was  used  to  estimate  the  time-varying  background  at  the  temperature  of  a 
"real"  experiment  and  this  background  was  then  subtracted  from  the  total  signal 
to  yield  the  corrected  flame-band  signal.  It  was  estimated  the  background 
obtained  in  this  way  was  good  to  ^ 10%.  The  background  for  the  0^  experiments 
was  much  smaller  than  for  the  N^O  shocks.  Even  for  the  ^0  case,  the  background 
was  typically  only  10%  of  the  total  signal. 

In  the  N^0  experiments  the  flame-band  signal  was  observed  to  increase  rapidly 
upon  passage  of  the  reflected  shock.  In  many  instances  the  increase  was  so  rapid 
that  the  observed  signal  was  clearly  affected  by  the  finite  slit  width  of  the 
observation  system.  The  slit  effect  was  included  in  the  numerical  integration 
scheme  by  integrating  the  computed  [CO]  [0]  product  over  the  appropriate  slit 
function.  The  detector  efficiency  was  assumed  to  be  unity  for  the  1.0  mm  slit 
opening  and  then  to  drop  linearly  to  zero  at  a distance  2.3  mm  beyond  each  slit 
edge.  In  this  way,  the  computed  slit-modified  flame-band  signal  could  be 


A 


-7- 

directly  compared  to  that  observed.  Here  it  was  convenient  to  define  to  as  the 

time  at  which  the  reflected  shock  front  was  first  visible  to  the  detector.  All 

visible  data  are  reported  with  respect  to  t0.  Typically,  to  is  n,  5 psec  earlier 

than  t , the  time  of  shock  front  passage  of  the  window  midpoint. 

Experimental  observations  of  the  flame-band  signals  are  listed  in  Tables  II 

and  III.  For  the  0^  experiments,  induction  times  were  clearly  evident.  Here  the 

induction  time  t^  is  defined  as  the  time  at  which  the  corrected  flame-band  signal 

equals  20  mv,  which  was  the  lowest  signal  which  could  be  reproducibly  extracted 

from  the  data.  As  one  would  expect,  the  t.  values  for  Mixture  D are  lower  than 

those  of  C since  here  the  CO  concentration  was  larger.  For  C,  t-  corresponds  to 

1 5 3 

an  oxygen  atom  concentration  of  n,  1x10  molecule/cm  ; whereas  in  D the  concen- 

14 

tration  is  n,  2.5x10  . In  0 the  higher  CO  concentration  made  it  possible  to 

observe  the  exponential  growth  of  the  flame-band  emission.  In  all  cases  it  was 
possible  to  observe  at  least  a decade  of  such  growth  and  the  slopes  of  these 

plots  are  listed  in  Table  II  where  A is  defined  as  the  slope  of  a plot  of  £n 

(flame-band  signal)  versus  time.  Similar  plots  for  C yielded  curves  that  were 
clearly  concave  downward,  indicating  the  exponential  growth  region  occurred  at 
concentrations  below  the  sensitivity  level.  At  later  times  both  mixtures  exhibited 
a constant  signal  which  is  listed  in  Table  II  as  V 

max 

The  flame-band  signals  from  the  N^O  system  were  characterized  in  terms  of 

t^  and  Vmax.  Here  t^  was  defined  as  the  time  (again  relative  to  to)  when  the 

signal  had  reached  one-half  its  plateau  value  of  V .As  one  would  expect, 

m3  x 

the  nature  of  the  flame-band  signal  is  drastically  different  in  the  0^  and  N^0 

cases.  Figs.  2 and  3 illustrate  this  difference.  Note  that  t,  values  for  No0 

are  even  lower  than  t^  for  0^.  Qualitatively  such  differences  are  expected; 
the  oxygen  atom  concentration  gets  a "head  start"  in  the  N.,0  system  since  N^O 
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dissociation  is  faster  than  the  initiation  reactions  in  the  0^  case.  Also 
note  the  marked  difference  in  the  temperature  dependencies  of  V . In  these 
Figures  tne  error  bars  were  computed  with  a standard  propagation  scheme  and 
included  contributions  from  uncertainties  in  the  calibration  (10%),  background 
corrections  (10%),  and  the  measurement  of  the  flame-band  signal  (5-10%). 

Infrared  Emissions.  The  total  signal  at  4.27  urn  was  corrected  for  emissions 
other  than  those  due  to  CC^  with  a procedure  similar  to  that  used  for  the  visi- 
ble signal.  Here  a series  of  N^O/CO/Ar  as  well  as  CO/Ar  experiments  were  per- 
formed to  determine  the  background.  The  corrected  time-resolved  data  were  then 
converted  to  CC^  profiles  via  calibration  factors  obtained  from  a series  of  CO^/Ar 
shocks.  Parameters  used  to  characterize  these  profiles  are  listed  in  Tables  II 
and  III.  It  was  observed  in  both  the  N^O  and  0^  systems  that  the  first  data 
collected  were  at  sufficiently  long  times  to  ignore  possible  slit  effects.  For 
ease  of  comparison  to  the  calculations,  all  times  recorded  for  the  infrared  data 
are  with  respect  to  tmp,  the  time  when  the  reflected  shock  reached  the  midpoint 
of  the  observation  window.  Note  this  convention  is  different  from  that  used  for 
the  visible  data  where  t0  was  used.  In  general  the  CO^  profiles  for  the  0^  sys- 
tem exhibited  an  induction  time,  quickly  achieved  a region  of  linear  growth, 
and  then  gradually  approached  a constant  (or  slightly  increasing)  value.  There 
was  not  sufficient  temporal  resolution  to  accurately  characterize  the  region  of 
increasing  rate  or  the  period  of  constant  rate.  The  induction  time  was  defined 
in  the  usual  way  as  the  t-axis  intercept  of  the  line  which  passed  through  the 
points  exhibiting  linear  growth.  Later  points  on  the  profile  were  characterized 
in  terms  of  the  time  at  which  a particular  CO^  concentration  was  reached.  Two 
of  these  times  are  listed  in  Table  II  and  shown  along  with  induction  times  in 
Fig.  4.  The  CO2  profiles  in  the  N^O  system  were  also  characterized  in  terms  of 
the  times  required  to  reach  certain  CO^  concentrations.  In  general,  CO^  pro- 


-9- 


duction  in  the  N^O  system  was  much  more  rapid  than  that  observed  in  the  0^  sys- 
tem; no  induction  period  was  evident.  At  longer  times,  the  CC^  concentrations 
were  generally  smaller  in  the  ^0  system  than  in  the  0^  work.  The  differences 
were  most  pronounced  at  higher  temperatures  and  in  the  3%  CO  mixtures  where  the 
concentrations  were  lower  by  about  a factor  of  three.  The  characteristic  times 
are  listed  in  Table  III  and  shown  in  Fig.  5.  In  both  Figs.  4 and  5,  the  error 
bars  were  calculated  assuming  10%  errors  in  the  CO^  calibration,  10%  error  in 
the  background  correction,  and  1-5%  error  in  the  observed  signal.  The  large 
error  bars  in  some  regions  of  Figs.  4 and  5 are  due  to  the  relatively  small 
slopes  in  those  particular  profiles  at  certain  times;  here  small  calibration 
errors  translate  into  large  time  uncertainties. 
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DISCUSSION 


A likely  mechanism  for  the  f^/C^/CO/Ar  system  includes  the  reactions  listed 
in  Table  IV  [2,14].  Fortunately  the  rate  constants  for  many  of  these  reactions 
have  been  extensively  studied.  Perhaps  the  most  interesting  result  of  recent 
work  is  the  growing  consensus  that  the  high  temperature  measurements  yield  rate 
constants  higher  than  one  would  expect  by  a simple  extrapolation  of  the  low 
temperature  data.  Thus  an  attempt  was  made  to  see  if  the  above  mechanism,  using 
rate  constants  determined  at  high  temperatures , was  quantitatively  consistent 
with  the  data  reported  herein.  Table  IV  lists  the  rate  constants  used  for  this 
purpose. 

This  system  of  equations  with  the  associated  rate  constants  was  numerically 
integrated  using  a program  previously  described  [17].  The  program  was  modified 
to  use  the  flame-band  calibration  data  to  convert  the  [CO]  [0]  product  to  a corre- 
sponding voltage.  The  slit  effect  was  also  calculated  as  described  earlier.  The 
calculated  flame-band  and  COp  profiles  were  then  treated  exactly  as  the  experi- 
mental data  to  yield  calculated  values  of  the  various  reaction  parameters.  Re- 
sults of  the  calculations  are  shown  in  Figs.  2 and  4.  It  is  felt  that  the  ex- 
tent of  agreement  can  be  taken  as  additional  evidence  for  the  essential  correct- 
ness of  the  mechanism  and  the  rate  constants  chosen.  It  was  particularly  grati- 
fying to  observe  such  good  agreement  on  an  absolute  scale  for  both  observables 
over  the  entire  time  range  of  the  observations. 

Sensitivity  tests  were  performed  by  varying  the  individual  rate  constants 
by  a factor  of  two  each  way  and  observing  the  effect  on  the  computed  profiles. 

It  was  seen  that  this  system  is  most  sensitive  to  k^,  k^,  and  k^.  Changes  in 
one  of  these  must  be  offset  by  a change  in  another  to  keep  the  calculations  within 
the  error  bars.  Since  k^  and  k^  were  determined  on  systems  where  k^  was 
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no  t involved,  and  the  determination  of  k^  was  done  under  conditions  to  minimize 
the  effect  of  other  rate  constants,  there  is  clearly  no  justification  for  modifying 
these  rate  constants.  It  should  be  noted  that  the  value  used  here  for  is  in 
quite  good  agreement  with  that  proposed  in  a recent  review  [7]  and  that  k^  and 
k^  were  obtained  from  an  extensive  study  of  the  H^/O^  system  [13,16], 

A likely  mechanism  for  the  N^O  system  is  listed  in  Table  V.  This  is  similar 
to  that  used  earlier  for  N^O/H^/Ar  systems  [18-20]  with  the  addition  of  the 
reactions  of  CO.  Of  particular  note  is  that  Reactions  1'  - 3'  have  been  studied 
under  simpler  conditions  where  specification  of  rate  constants  is  relatively 
straightforward  [1 1 ,21  ].  Also  Reactions  2-6  can  be  carried  over  directly  from  the 
0^  system  where  it  was  explicitly  verified  that  these  values  were  consistent  with 
the  present  data.  In  this  sense,  one  can  approach  the  N^O  system  with  essentially 
only  one  unknown,  namely  the  rate  constant  k^'.  Thus  the  approach  taken  was  simply 
to  attempt  to  find  a value  of  k.'  which  was  compatible  with  all  of  the  data. 
Preliminary  calculations  showed  that  the  profiles  were  very  sensitive  to  k-j ' and 
very  slight  adjustments  in  k-j ' 10%  change  from  the  value  reported  in  Ref.  11) 

noticeably  improved  both  the  V__v  temperature  dependence  and  the  C0o  profiles. 

Such  a shift  was  compatible  with  the  data  reported  in  Ref.  11.  This  adjusted 
value  of  k^ ' was  used  in  subsequent  calculations.  These  calculations  now  treated 
k^'  as  the  only  variable. 

There  is  very  little  high  temperature  data  on  k^';  only  one  study  [18]  has 
reported  values  for  temperatures  above  2000  K [22].  Recently  this  reaction  has 
been  studied  in  a flow  system  over  the  interval  718  K <_  T <_  1111  K [23]  and  in 
flames  between  1000-1700  K [24],  The  reported  activation  energies  for  this 
lower  temperature  work  range  from  55  kJ/mole  [24]  to  72  kJ/mole  [23];  extrapolation 
of  these  results  into  the  higher  temperature  regime  thus  leads  to  considerable 
uncertainty.  A series  of  calculations  suggested  that  the  value  obtained  by  extra- 
polating the  flow  tube  work  to  2450  K was  in  quite  good  accord  with  our  data,  but 
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that  obvious  problems  were  apparent  at  higher  temperatures.  In  particular, 
calculated  values  ot  the  t lame-band  plateau  (V  ) were  too  high  and  there  was  a 
severe  mismatch  in  the  long  time  CO^  profiles.  Both  of  these  features  were  im- 
proved significantly  in  both  N^O  mixtures  by  increasing  the  value  of  k^'  by  50% 
at  2900  K.  Furthermore,  the  overall  temperature  dependence  of  is  improved 

by  using  a value  of  k^1  at  2100  K somewhat  lower  than  that  obtained  from  an 
extrapolation  of  k^1  from  the  flow  tube  work.  For  this  reason  a value  of  k^'  was 
obtained  by  a simple  pivoting  about  the  extrapolated  value  at  2450  K.  This 
yields  k^‘  = 3.0x10  exp( -1 1 3kJ/RT)  cm  molecule  s"  . Note  this  expression 
is  only  applicable  over  the  range  1950-2850  K.  The  agreement  obtained  with  this 
value  is  shown  in  Figs.  3 and  5.  In  addition  it  should  be  mentioned  that  detailed 
comparisons  of  computed  profiles  with  particular  experiments  showed  (in  a vast 
majority  of  cases)  that  the  calculated  values  for  both  flame-band  and  (^signals 
were  within  the  experimental  error  bars  for  the  entire  500  yisec  observation 
time  for  both  mixtures. 

The  value  reported  here  from  k^1  is  in  very  good  agreement  (14%)  at  2000  K 
with  the  value  suggested  by  Leeds  [22],  However,  at  2900  K this  value  has 
increased  to  be  nearly  a factor  of  three  larger  than  Leeds.  Such  an  increase  was 
mandated  by  the  observations,  and  this  fact  may  indeed  suggest  that  this  reaction 
is  one  more  addition  to  those  recently  discovered  with  "non-Arrhenius"  behavior. 


CONCLUSIONS 


In  this  work  emission  signals  have  been  related  to  the  absolute  concentra- 
tion - time  behavior  of  oxygen  atoms  and  carbon  dioxide  over  an  extended  range  of 
conditions.  These  data  provide  a crucial  test  for  any  mechani sm/rate  constant 
combination.  The  abi1’t>  of  such  a combination  to  accurately  model  all  of  these 
data  would  strongly  suggest  such  a scheme  is  appropriate.  In  the  0^  system  the 
mechanism  is  generally  accepted  and  thus  it  was  possible  to  test  the  best  current 
estimates  of  the  associated  rate  constants.  The  agreement  observed  can  be  taken 
as  rather  convincing  evidence  of  the  correctness  of  the  rate  constants  used.  In 
particular  it  reinforced  the  earlier  observations  that  both  the  reactions 
0 + -*•  OH  + H and  OH  + CO  -»  CO2  + H have  rates  well  above  what  a simple  extra- 

polation of  low  temperature  data  would  suggest.  This  observation  is  critically 
important  when  one  is  attempting  to  choose  rate  constants  for  modeling  of  a 
combustion  system;  it  is  imperative  that  one  be  aware  of  the  difficulties  in- 
herent in  using  data  collected  at  low  temperatures. 

For  the  N^O  case  it  was  possible  to  approach  the  system  with  most  of  the 
rate  constants  in  hand.  After  a value  was  obtained  for  H + N^O  -*■  OH  + N^,  no 
further  adjustments  were  required  to  obtain  a quantitative  fit  to  the  observations. 
In  particular,  it  was  observed  that  the  profiles  were  quite  sensitive  to  0 + -*• 

OH  + H and  that  the  best  fit  was  obtained  with  the  same  value  which  fit  the  0^ 
system.  In  this  respect  it  is  felt  this  sequence  of  experiments  has  demonstrated 
that  substitution  of  N^O  for  0^  is  a useful  method  to  measure  rates  of  oxygen 
atom  reactions  at  high  temperatures.  Furthermore,  it  appears  that  the  postulated 
mechanism  for  the  N^O  system  is  reasonable.  This  point  should  be  very  useful  in 
the  analysis  of  ongoing  experiments  in  this  laboratory  where  N^O  is  being  sub- 
stituted for  O2  in  a variety  of  combustion  systems. 
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TABLE  II.  SUMMARY  OF  EXPERIMENTAL  OBSERVATIONS  (O?  SYSTEM) 
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TABLE  III.  SUMMARY  OF  EXPERIMENTAL  OBSERVATIONS  (NqO  SYSTEM) 
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Balance  was  Argon. 

Time  relative  to  t0  (see  text)  when  signal  = 4 plateau  value. 

Plateau  signal. 

For  Mixture  E,  time  relative  to  t (see  text)  when  [CO?]  = 4x10  5 molecules/cm3.  For  F,  time  when  [CO2]  = 5x10 
For  Mixture  E,  time  relative  to  t ^ when  [C02]  = 1 . Oxl O' 6 . For  F,  time  when  [C02]  = 2.0xl016. 
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TABLE  IV.  MECHANISM  AND  RATE  CONSTANTS  FOR  THE  0,,  SYSTEM 


Reaction 

Rate  l 
A 

Constant3 

Ea 

Reference 

1. 

CO 

+ o2  = co2  + 0 

5.8 

E - 

12 

210 

2 

2. 

0 

+ H2  = OH  + H 

3.6 

E - 

10 

57 

13 

3. 

OH 

+ H2  = H20  + H 

3.6 

E - 

11 

22 

15 

4. 

H 

+ 02  = OH  + 0 

2.0 

E - 

07 

T"-91  70 

16 

5. 

OH 

+ CO  = C02  + H 

6.7 

E - 

12 

33 

3 

6. 

CO  + 0 + M = C02  + M 

1.6 

E - 

34 

0 

11 

Expressed  in  Arrhenius  form,  k = Aexp(-E  /RT),  A in  cm-molecule-sec  units,  E in  kJ/mol. 
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TABLE  V.  MECHANISM 

AND  RATE  CONSTANTS 

FOR  THEM 

SYSTEM 

Reaction 

Rate  Constant3 
A L 

Reference 

1 ■ 

N20  + M 

= N2  + 0 + M 

2.7 

E - 10 

u 

216 

See  text 

2 ' 

0 + N20 

= 2NO 

7.7 

E - 11 

117 

11 

3' 

0 + N20 

= n2  + o2 

7.7 

E - 11 

117 

11 

2 

o + h2 

= H20  + H 

3.6 

E - 10 

57 

13 

3 

OH  + H2 

= H20  + H 

3.6 

E - 11 

22 

15 

4 

H + 02  = 

OH  + 0 

2.0 

E-07  T 

70 

16 

5 

OH  + CO  = 

C02  + H 

6.7 

E - 12 

33 

3 

6 

CO  + 0 + M = 

C02  + M 

1.6 

E - 34 

0 

11 

4' 

H + N20  = 

N2  + OH 

See 

text 

aSee  Table  IV. 
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LEGENDS 

Figure  1.  Arrhenius  plot  of  flame-band  calibration  data.  O = Mixture  A; 

18  3 

here  the  total  concentration  was  near  1.5x10  molecule/cm  . 

1 g 

□ = Mixture  B;  here  the  concentration  was  near  2.9x10  . 

Figure  2.  Flame-band  data  for  the  0^  system,  (a)  Induction  Times:  O = Mixture 

C;  □ = Mixture  D.  (b)  Exponential  Growth  Rates:  Mixture  D. 

(c)  Plateau  Voltages:  Q=  Mixture  C;  □=  Mixture  D.  In  all  cases, 

the  solid  symbols  are  the  calculated  values.  All  times  are  relative  to 
t0  ( see  text) . 

Figure  3.  Flame-band  data  for  the  N^O  system,  (a)  Time  required  to  reach 
one-half  the  plateau  voltage:  0=  Mixture  E;  □=  Mixture  F. 

(b)  Plateau  Voltages:  Mixture  E;  □ = Mixture  F.  Solid  symbols 

are  the  calculated  values.  All  times  are  relative  to  t0  (see  text). 
Figure  4.  CO^  data  for  the  02  system,  (a)  Induction  Times:  O = Mixture  C; 

□ = Mixture  D.  (b)  Mixture  C:  time  when  [CO^]  = 8.0x10^ 

3 1 

molecule/cm  ; v = time  when  [C0-, ] = 2.4x10  . (c)  Mixture  D: 

A = time  [C02]  = l.OxlO16;  V = time  [C02]  = 3.0xl016.  Solid 

symbols  are  calculated  values.  All  times  are  relative  to  t (see 

text) . 

Figure  5.  CO^  data  for  the  N^O  system,  (a)  Mixture  E:  0=  time  [CO^]  = 

4.0x10^  molecule/cm^;  □=  time  [CO^ ] = 1.0x10^.  (b)  Mixture  F: 

A=  time  [C02]  = 5.0x10^;  V = time  [C02]  = 2.0x10^.  The  solid 
symbols  are  calculated  values.  All  times  are  relative  to  t (see 
text) . 
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